Thermally significant behavior patterns in reptiles were noted by Cowles and Bogert (1944)
In the above studies, implication of cardiovascular involvements was derived only from observations on heart rate. That is, at any body temperature, heart rate was higher during heating than during cooling. This alone may be insufficient evidence to implicate the cardiovascular system in a thermoregulatory role because heart rate is responsive to other physiological demands as well. Indeed, Weathers and White (1971) showed that heart rate in some turtles depended more upon respiration than on heating and cooling rates.
More direct evidence for the role of circulatory adjustments in effecting control over heat loss or gain has been presented. Very few studies of physiological thermoregulation in crocodiles have been repo6rted. In view of the high specific heat of water, aquatic reptiles face greater difficulties than a terrestrial reptile in retarding heat loss, and one might suppose that the physiological mechanisms may be better developed. In some aquatic turtles (Weathers and White 1971) and the partly aquatic Galapagos marine iguana (Bartholomew and Lasiewski 1965; Morgareidge and White 1969) this appears to be the case. Larger differences between heating and cooling rates were found in the aquatic species than have been reported for terrestrial reptiles. These differences were attributed to changes in peripheral circulation leading to a change in the effective peripheral insulation.
The primary aim of the present series of experiments was to establish whether physiological mechanisms facilitate heat gain and/or retard heat loss in the Australian freshwater crocodile, Crocodylus johnstoni, and to assess the role of the circulatory system in thermoregulation.
MATERIAL AND METHODS

ANIMALS
Crocodylus johnstoni (Krefft) inhabits inland waters of northern Australia. The six specimens used in this study were captured in the Northern Territory in December 1971 and shipped by air to Taronga Zoological Park, Sydney. At the zoo they were maintained in a large wire mesh enclosure with radiant heaters in one corner and a heated pool. They were fed twice weekly on fish and remained in good health. At the time of the study their weights ranged from 2.4 to 17.5 kg (see table 1). 
DETERMINATION OF HEART-RATE
Heart rate was determined by recording the electrocardiogram. Electrodes (made from 22G hypodermic needles) were inserted subdermally in the ventral midline anterior and posterior to the heart. A third electrode in the tail region served as an earth. The signal was amplified by a Tektronix Type 122 lowlevel preamplifier before being applied to FKG and Driver modules of a Grass Polygraph (Model 5). In experiments where crocodiles were heated and cooled in water, the electrocardiogram was recorded telemetrically using a circuit modified from that described by Fryer (1970). The transmitter was a flat rectangular package (6.0 X 1.5 X 0.5 cm) easily slid under the skin of the ventral surface. Electrodes, made from surgical stainless steel, protruded from one end of the package. Sterile procedure was used for the surgical implantation, and the skin incision healed well. Signals were monitored on a Lafayette Guardian 600 radio in the "air" band (108-136 mHz). Each depolarization of the heart produced an audible modulation in the carrier frequency so that heart rate could be counted. In an experiment, a crocodile was restrained on a wooden rack. A deepbody temperature probe was emplaced, as well as a subdermal temperature probe in each of two "injection sites." Both injection sites were mid-dorsal, one anteriorly near the front legs and one posteriorly but in front of the hind legs. Heat could be applied to either site independently with a 250-w infrared lamp 35 cm from the surface. Radioactivity at each site was monitored with suitable probes collimated to cover a 2 X 2-cm area of the surface. Each probe was connected to a Selo three-channel scintillation counter (Model DC3) and a three-channel analog recorder so that a recording of the washout curve was obtained. In an experiment, 50 p1 of a solution of Xe'as in saline (approximately 0.025 mCi) was injected subdermally at each injection site. The position of the scintillation probes over the surface was adjusted for maximum count rate, and the time course of removal of radioactivity from the two areas was followed. After about 20 min, when a baseline had been established, heat was applied to the anterior (or posterior) site for 20 min. The heat was then turned off, and after a further 20 min the posterior (or anterior) site was heated for 20 min. Heating was then discontinued and observations continued for a further 20 min or so. Two crocodiles (A and B) were used, with a control experiment on a dead crocodile to establish the nature of the washout curve in the absence of any blood flow. 01) (fig. 1) . The ratio of cooling rate to heating rate was 0.83. In animal E however, heating and cooling rates were equal. This was attributed to the fact that, whereas animal B remained quiescent during both heating and cooling, animal E was markedly active during the cooling phase. One year later these experiments were repeated with the same pair of crocodiles. The data for all four experiments with live B and E are summarized in table 2. Heating and cooling rates are compared at 28 C, where the difference between core and air was 7 C during both heating and cooling. In the second series of experiments animal E heated faster than it cooled (cooling/heating = 0.83), but animal B cooled twice as fast as it heated. b) Heart rates (table 2).-Heart rate was consistently higher during heating than during cooling in animal B (fig. 2) . In animal E, which was active during cooling and in which heating rate equaled cooling rate, heart rate at any one core temperature was equal during heating and cooling. No heart rates were recorded during the repeat experiments on these crocodiles. c) Head temperature-core temperature. -Large differences between head and core temperatures were not seen. In both B and E, however, a consistent pattern emerged ( fig. 3 ) in which head temperature rose faster than body temperature. Its rate of increase then declined relative to core temperature increase. At the end of heating, head temperature was lower than core temperature in all cases. This is in contrast to the control in which head temperature remained higher than body temperature throughout. curve from the unheated area. Heart rate increased almost immediately when heat was applied to either site and then decreased with removal of the heat source. Small increases in core temperature were observed a few minutes after heating began, suggesting heat transfer from periphery to core.
HEATING AND COOLING IN
DISCUSSION
THE CONVECTIVE ROLE OF THE CIRCULATORY SYSTEM
The experiments on radiant heating of crocodiles in air ( fig. 7) showed very clearly that heat transfer is much more rapid in live crocodiles than in dead ones. It seems safe to assume that this 
RATES OF HEATING AND COOLING IN AIR AND WATER
The dead crocodile heated and cooled at the same rate in air, 0.05 C min-' ( fig. 1) . In water it also heated and cooled at essentially the same rate, 0.33 -0.34 C min-1 (fig. 4) . The large difference between overall heat exchange in air and water, a seven-fold difference, results from the high specific heat of water. This emphasizes that aquatic reptiles would appear to have difficulty in maintaining body temperature higher than that of the water.
The heating and cooling curves obtained in air (table 2, fig. 1 ) are of particular interest because the typical reptilian pattern of slower cooling relative to heating was not observed in every case. In the first series of experiments, animal B heated faster than it cooled ( fig. 1) , and its heart rate was higher during heating than during cooling ( fig.  2) . It is interesting to note that animal E, which was active during the cooling phase of that experiment, heated and cooled at the same rate and also had the same heart rate during heating and cooling (table 2). In the second series, animal E behaved according to the typical reptilian pattern, whereas animal B cooled twice as fast as it heated.
Rapid cooling has also been observed by Spray and May (1972) in two species of terrestrial turtle. They suggest that rapid cooling may be an ecological advantage in times of heat stress. We are unaware of any report in the literature where both accelerated and retarded cooling has been observed in the same species. Such flexibility of behavior is not unreasonable and warrants further investigation. Fresh-water crocodiles are probably subjected to heat stress in the surface waters of the billabongs where they live. In the summer, the surface water temperature may be very high (personal observation), and it is likely that a crocodile could benefit from being able to descend to deeper, cooler water and rapidly discharge its heat load. These speculations may find a firmer base when field studies are undertaken.
The experiments on heating and cooling in water confirm the hypothesis, as outlined in the introduction, that mechanisms of retarding heat loss or augmenting heat gain may be more in evidence in the water because of the high specific heat of water. Rates of heat exchange, expressed as the change in temperature per unit time, were approximately seven to eight times higher in water than in air. In both animals B and E, cooling was accompanied by a precipitous drop in heart rate (table 2, fig. 5 ). The lowest ratio of heating to cooling (0.75) was seen in an experiment carried out in water. This is not as low as the ratio seen in the marine iguana which was approximately 0.5 in both water and in air (Bartholomew and Lasiewski 1965). Weathers and White (1971), working on turtles, found lower heating: cooling ratios in water than in air. (fig. 3) . In the controls the reverse was true. During heating in water, however, animal E showed three sharp drops in head temperature ( fig. 6 ). In this experiment the animal was floating with the head at the water surface with the upper part in cooler air. Thus one would expect that head temperature would stabilize lower than core temperature, though closer to it than observed in the control. The cutaneous vasomotor responses occurred before any change in core temperature was observed. Thus, the vasodilation seems to depend on local thermal sensors rather than on the temperature of the central nervous system.
Morgareidge and White (1969) found heart rate to be independent of the cutaneous vasomotor response in the marine iguana. Accordingly, they suggested that higher heart rates observed during heating are secondary to the peripheral vascular changes. That is, overall heating induces generalized cutaneous vasodilation to which tachycardia is a compensatory reflex. In C. johnstoni, however, heart rate increased almost immediately with the local application of heat to either site. This suggests that tachycardia is a primary, not a secondary, response to cutaneous heating in the crocodile.
It seems then that there are two physiological responses to cutaneous heating: peripheral vasodilation and tachycardia. Both result in increased blood flow and a higher rate of heat transfer between core and periphery. Conversely, peripheral vasoconstriction and brachycardia during cooling would decrease heat flow from the animal.
In relation to these rapid local peripheral responses, one must consider the one experiment where heat loss occurred at twice the rate of heat gain. This would appear to be in direct conflict with the observations on peripheral blood flow, and this question must await further investigation.
